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Protein–lipid interactionNeutral lipid transport in mammals is complicated involving many types of apolipoprotein. The exchangeable
apolipoproteinsmediate the transfer of hydrophobic lipids between tissues and particles, and bind to cell surface
receptors. Amphipathic α-helices form a common structural motif that facilitates their lipid binding and
exchangeability. ApoLp-III, the only exchangeable apolipoprotein found in insects, is a model amphipathic
α-helix bundle protein and its three dimensional structure and function mimics that of the mammalian proteins
apoE and apoAI. Even the intracellular exchangeable lipid droplet protein TIP47/perilipin 3 contains an α-helix
bundle domainwith high structural similarity to that of apoE and apoLp-III. Here, we investigated the interaction
of apoLp-III from Locusta migratoriawith lipid monolayers. Consistent with earlier workwe ﬁnd that insertion of
apoLp-III into ﬂuid lipidmonolayers is highest for diacylglycerol.We observe a preference for saturated andmore
highly ordered lipids, suggesting a new mode of interaction for amphipathic α-helix bundles. X-ray reﬂectivity
shows that apoLp-III unfolds at a hydrophobic interface and ﬂexible loops connecting the amphipathic
α-helices stay in solution. X-ray diffraction indicates that apoLp-III insertion into diacylglycerol monolayers
induces additional ordering of saturated acyl-chains. These results thus shed important new insight into the
protein–lipid interactions of a model exchangeable apolipoprotein with signiﬁcant implications for its mamma-
lian counterparts.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Neutral lipids (e.g. triacylglycerols and cholesterolesters) need to be
packaged in order to exist in stable form in solution. In the blood stream
as well as inside cells this packaging is mediated by a phospholipid–
protein monolayer. The protein component consists of both intrinsically
associated and exchangeable proteins. Protein–lipid interactions for ex-
changeable proteins are critical for their reversible interaction with the
neutral lipid particle (lipoprotein in the case of transport) [1]. Lipoprotein
particles in both mammals and insects have similar structures and
functions, including intrinsically associated proteins (so-called non-
exchangeable apolipoproteins) that provide structural integrity.Mamma-
lian lipid transport is complex and involves distinct types of particles and
many different kinds of apolipoproteins. Compared with mammalian1 330 672 2959.
trecht, the Netherlands.
ional Laboratories, Argonne, IL,
ights reserved.lipid transport, insect hemolymph carries neutral lipids in a single type
of lipoprotein called lipophorin (HDLp). The non-exchangeable apolipo-
proteins, apolipophorinI (apoLp-I) and apolipophorinII (apoLp-II) (homo-
logues of mammalian apoB100), form an integral part of the structure of
lipophorin. Aside from apoLp-I and apoLp-II some insects also have a sin-
gle exchangeable apolipoprotein, apolipophorinIII (apoLp-III). This low
molecular weight (18–20 kD) exchangeable apolipoprotein associates
with lipophorins in the hemolymph, facilitating the delivery of neutral
lipids into the insect ﬂight muscle during ﬂight (for recent reviews:
[2–4]).The structure and function of apoLp-III is similar to that of mam-
malian proteins apoE and TIP47/perilipin 3 [5–7]. ApoLp-III can reversibly
associate with the lipophorin particle existing in both lipid-bound and
lipid-free forms depending on the status of lipid metabolism in the insect
body [8,9]. The incorporation of ApoLp-III molecules to growing
lipophorin particles (called LDLp after acquiring additional lipid and
apoLp-III) is thought to stabilize them [9–11].
In contrast, mammals contain many different types of exchangeable
apolipoproteins, such as apoE, apoA-I, apoA-II, apoC-I, apoC-II and
apoC-III [12]. Apolp-III from insects shares many of the characteristics
of the mammalian exchangeable apolipoproteins, as all possess
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monomeric lipid-free state of apoLp-III circulates in the hemolymph of
a resting insect until it associateswith the expanding lipophorins during
insect ﬂight to supply fuel to the ﬂight muscle tissue by delivering
neutral lipids from the fat body [11].
ApoLp-III from the migratory locust Locusta migratoria and the to-
bacco hornwormManduca sexta (two evolutionarily divergent species)
is commonly used as model apolipoprotein (see e.g. [2,3,14]). Both are
found in high concentrations in the hemolymph of adults in both spe-
cies [15–17]. Despite the low sequence similarity between these two
apolipoproteins, they share a great degree of structural and functional
similarity [2,3]. A similar degree of structural and functional similarity
exists between apoLp-III and the N-terminus of the mammalian
apolipoprotein apoE and the C-terminus of the mammalian lipid
droplet binding protein TIP47/perilipin 3 [6,7].We use apoLp-III from
L. migratoria as model apolipoprotein to investigate the interaction
of an amphipathic α-helix bundle protein with (phospho-) lipid
monolayers.
There are few reports in the literature detailing the fatty acid compo-
sition of insect lipophorin [18,19]. What has been published suggests
that fatty acids with chains of 16 and 18 carbons are most common in
the core and the phospholipid monolayer appears to be enriched in
18:0, 18:2, and 18:3 fatty acids [19]. However the exact lipid composi-
tion is unknown. ApoLp-III interacts preferentially with diacylglycerols
(DAGs) and to a lesser degree with phospholipids [20,21]. Since most
insect lipophorin is rich in DAG and other hydrocarbons and phospho-
lipids [22,23], this preference for DAG appears to make sense. On the
other hand, mammalian lipoproteins contain a core of non-polar lipids
including triacylglycerols (TAGs) and cholesterol esters, and are covered
by amonolayer of phospholipids and cholesterol interspersedwith apo-
lipoproteins [12].Whether the binding of apoLp-III to lipophorin is facil-
itated by actual chemical recognition (as in the case of an enzyme and
substrate) of DAG or is due to physical properties of the lipidmonolayer
is unclear and has not been investigated in great detail. The objective of
this work is to delineate the speciﬁc interactions required for apoLp-III
phospholipid interaction. Our choice of lipids spans the range of lipids
found in insect lipophorin. In addition to detailed insertion isotherms,
we use surface sensitive x-ray reﬂectivity and x-ray diffraction to
further investigate the nature of protein–lipid interaction. In order to
most closely mimic the in vivo conditions we used native apoLp-III
isolated from L. migratoria.
1.1. Materials and methods
POG (1-palmitoyl-2-oleoyl-sn-glycerol), POPC (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine), POPE (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine), POPG (1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1′-rac-glycerol), DOG(1,2-dioleoyl-sn-glycerol),
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine), and DOPG (1,2-dioleoyl-
sn-glycero-3-phospho-(1′-rac-glycerol) were purchased from Avanti
Polar Lipids (Alabaster, AL). All the lipids were purchased in powdered
form except for POG and DOG which were dissolved in chloroform. All
lipids were used without further puriﬁcation. Powdered lipids were
dissolved in a 2:1 (v/v) mixture of chloroform and methanol. ApoLp-IIIb
from L. migratoria was obtained and puriﬁed from insects or expressed
as recombinant protein as previously described [24,25]. All other
chemicals used were at least 99.8% pure (analytical grade for buffer com-
ponents and HPLC grade for solvents) and purchased from Sigma Aldrich
Co. Thin layer chromatography combined with iodine staining was used
regularly to check the purity and integrity of all lipids used (at least
N99% on HPTLC plates) at various times after solubilization; no break-
down was observed during the course of our experiments (after solubili-
zation and storage at−20 °C). All glasswares were cleaned using either
concentrated H2SO4 or a concentrated KOH (~1.92 M; 24 g H2O, 25 g
KOH, and 164 g C2H5OH) cleaning solution to avoid contamination ofstocks, water and buffer. The Teﬂon trough and stirrer were cleaned
thoroughly before each monolayer experiment by several washes of
detergent, distilled water, and KOH cleaning solution. The Wilhelmy
plate was rinsed with chloroform, distilled water and KOH cleaning
solution.
1.2. π-A isotherms
Langmuir monolayers were formed on two different Langmuir
troughs. At the Advanced Photon Source (APS) of ArgonneNational Lab-
oratories, the monolayers were spread in a temperature controlled
(20±1°C) home built Langmuirmonolayer trough in a gas-tight alumi-
num container and surface tension was recorded using a ﬁlter-paper
Wilhelmy plate. Compression of the monolayers was performed asym-
metrically at 1.8Å2 per molecule per minute. Langmuir monolayers for
isotherm measurements were formed on a temperature controlled
(20±1°C) KSV (KSV, Finland) mini-trough system and surface tension
was recordedusing a platinumWilhelmyplate. Symmetric compression
of the monolayer was made at 2.0Å2.molecule−1.min−1. The subphase
used for all experiments was pH 7.2 buffer; 10 mM Tris–HCl, 150 mM
NaCl, 0.2 mM EDTA. Water used in the experiments was puriﬁed by
a Milli-Q system, Millipore Corp., Bedford, MA (at the APS) or by a
PurelabPlus UV system (US Filter), for isotherm measurements and in
both cases had a resistivity of 18.2 MΩ-cm and passed the shake test.
Brieﬂy, in the shake test one tests small air bubbles that are formed dur-
ing shaking of a water containing ﬂask immediately break through the
surface when they reach the air–water interface [26].
1.3. Insertion isotherms
Insertion isothermswere performed at room temperature according
to [20], in a Plexiglas enclosure. The circular Teﬂon trough was ﬁlled
with 6.5 mL of the Tris buffer used as the subphase in this experiment.
Temperature of the subphase was monitored within the enclosure and
kept at 21 ± 2 °C, except as noted. Monolayers were formed at the
air/buffer interface by the drop wise addition of the lipids dissolved in
chloroform or chloroform/methanol on to the surface of the buffer
using a Hamilton microsyringe until the desired initial surface pressure
was reached. The solventwas allowed to evaporate for about 10min be-
fore the introduction of apoLp-III into the subphase via injection with a
micropipette through a hole at the side of the trough. Continuous
mixing of the sub phase was ensured by a magnetic bar. The change in
surface pressure with time was monitored with a platinum Wilhelmy
plate and a conventional PS4 Nima surface pressure sensor. All experi-
ments were carried out on a vibration-isolated table. The concentration
of apoLp-III used for our experiments corresponds to the minimal
amount of protein required to reach the maximum surface pressure of
the apoLp-III monolayer, namely 0.11 μM (see Fig. 1).
The increase of surface pressure after protein injection as a function
of initial lipid monolayer pressure results in curves that yield both the
maximum insertion pressure (MIP) value and the maximal increase in
surface pressure (Δπmax). The uncertainty of these values is determined
by calculating the 95% conﬁdence interval for both Δπmax and MIP. For
Δπmax the 95% conﬁdence interval is found by multiplying the SE,
given by the SigmaPlot 11 software used to generate a linear ﬁt, by
1.96. The 95% conﬁdence interval forMIP is found as described by Calvez
et al. [27].
1.4. X-ray scattering
X-ray studies at the gas–water (buffer) interfacewere conducted on
theAmes Laboratory’s liquid surface diffractometer at theAPS, beamline
6ID-B as described in reference [28]. To reduce x-ray damage to the
monolayer resulting from free radical and ion formation, and to de-
crease background scattering from air, the thermostated trough was
kept under a water-saturated helium atmosphere. The trough was
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Fig. 1. Surface activity of apoLp-III. Injection of apoLp-III underneath a buffer-air interface
leads to the self-assembly of an apoLp-IIImonolayer. Increased concentrations of apoLp-III
in the subphase cause an increase in the surface pressure asserted by the self-assembled
monolayer up to a maximum pressure. Subphase buffer: 10 mM Tris, 150 mM NaCl.
0.2mM EDTA at pH7.2.
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spect radiation damage by illuminating different parts of themonolayer.
During the course of our experiments no signiﬁcant radiation damage
was observed as indicated by the reproducibility of reﬂectivity curves.
The highly monochromatic beam (16.2 keV, λ = 0.765334 Å) was
selected by a downstream Si double crystal monochromator and was
deﬂected onto the liquid surface to a desired angle of incidence with
respect to the liquid surface by a second monochromator (Ge(220)
crystal) located on the diffractometer.
X-ray reﬂectivity (XR) in combination with grazing incidence x-ray
diffraction (GIXD) is a common technique to investigate the detailed
molecular arrangements in monomolecular layers at the air-liquid in-
terface [28,29]. Specular XR experiments yield the electron density
(ED) proﬁles across the interface and can be related to the molecular
structure of the ﬁlm. The electron density proﬁle across the interface
is obtained by a two-stage reﬁnement of a slab model that best ﬁts the
measured reﬂectivity by the nonlinear least-squares method. The ED
proﬁle ρ(z) is constructed by a sum of error functions:
ρ zð Þ ¼ 1
2
XNþ1
i¼1
erf
z−ziﬃﬃﬃ
2
p
σ
 
ρi−ρiþ1
 þ ρ1
2
ð1Þ
where N+ 1 is the number of interfaces; σ is the surface roughness
(ρi− ρi+1); zi are the change in the ED and the position of the ith inter-
face, respectively; ρ1 is the ED of the subphase (≈0.336 e/Å3 for buffer
subphase); and ρN + 2≈ 0 is the density of the gas phase. The variable
parameters are ρi, zi (the thickness of the slabs associated with different
parts of themolecules are denoted as di≡ |zi− zi−1|), and the roughness
σi. The continuous ED is sliced into a histogram (several hundred slices)
to compute the reﬂectivity using the recursive dynamical method
[28,30–32]. Errors for the ﬁt parameters were determined by ﬁnding
the variation in each of the parameters that resulted in a 50% increase
in the χ2 (measure of the goodness of the ﬁt) of the ﬁt with readjusting
all other parameters.
GIXD experiments were conducted to determine the lateral organi-
zation in the ﬁlm. In these experiments, the angle of the incident
beam with respect to the surface, α, is ﬁxed below the critical angle
(αc = λ(ρsr0/π)½ = 0.0759 deg., where λ is the x-ray wavelength
(depends on x-ray energy used, here 16.2 keV), r0=2.82 × 10−13 cm
is the classical electron radius (where ρs is the subphase ED) for total
reﬂection, while the diffracted beam is detected at a ﬁnite azimutal in-
plane angle, 2Θ, and out-of-plane angle, β (the angle of the reﬂected
beamwith respect to the surface). Rod-scans (the intensity distribution
of the 2DBragg reﬂectionsnormal to the surface) determine the averageordered chain length and tilt angle with respect to the surface normal.
This intensity distribution is usually analyzed in the framework of the
distorted wave Born approximation [28,33].
The coordinate system is chosen such that Qz is normal to the liquid
surface, Qx is parallel to the horizontal (untilted) incident x-ray beam,
and Qy is orthogonal to both Qz and Qx. The hydrocarbon chains of sat-
urated diacylglycerol form two-dimensional poly-crystals, giving rise to
a diffraction pattern that depends on the modulus of the in-plane mo-
mentum transfer Qxy ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q2x þ Q2y
 r
, and is practically independent
of rotation of the sample over the z-axis. The GIXD data are plotted as
intensity vs. Qxy.
2. Results and discussion
Herewe use apoLp-III from L.migratoria asmodel exchangeable pro-
tein to investigate in detail the speciﬁcity of the interaction with
(phospho-) lipids using Langmuir monolayer techniques and the orga-
nization of the protein at the interface using surface sensitive x-ray
reﬂectivity and diffraction.
2.1. Structure of apoLp-III at the air–buffer interface
As model system we utilize lipid, protein, and protein–lipid mono-
layers at the air–buffer interface. In order to determine the optimum
amount of protein for protein insertion isotherms and to investigate to
what degree apoLp-III is surface active by itself we investigated the
self-assembly of apoLp-III after injection into a buffer (10 mM Tris,
150mMNaCl, pH7.2) as a function of apoLp-III subphase concentration.
Fig. 1 clearly shows that increased concentrations of apoLp-III lead to in-
creased surface pressure of the self-assembled monolayer up to a pla-
teau (saturation) pressure of ~14 mN/m. From these results we
determined the optimum concentration of apoLp-III for our insertion
experiments to be 0.11 μM. We assume here that for each of the lipid
monolayers investigated this also saturates the protein–lipid interac-
tion. This is veriﬁed by the observation that additional injection of
apoLp-III underneath the lipidmonolayer does not result in a further in-
crease in surface pressure. In our typical insertion experiments this
translates into 12.5 μg of protein (for a subphase volume of 6.5ml, and
a MW of apoLp-III of 20 kD).
Proteins can aggregate and denature at surfaces, so it is important to
verify whether or not this is the case for apoLp-III [27]. Soluble apoLp-III
forms an amphipathic α-helix bundle (which forms a cylinder with di-
ameter 22Å and length 53Å [34]). In the lipid bound form these helices
unfold, i.e. undergo a large conformational change, with the hydrophilic
face positioned to interact with water and the hydrophobic face with
lipid. To study the structure of potentially unfolded apoLp-III at the
air–buffer interface, we performed x-ray reﬂectivity which determines
the electron density across the interface. Results for self-assembled
apoLp-III monolayers at the interface and for those deposited by careful
placement of small drops of a 1mg/ml apoLp-III solution at the interface
and compression of the subsequent layer were found to behave very
similar (data not shown). Fig. 2 shows x-ray reﬂectivity results for a
monolayer of native apoLp-III at the air–buffer interface at 18 mN/m
and the resultant electron density calculated from these data. Clearly
the reﬂectivity is distinct from a “clean” air–buffer interface as indicated
by the dashed line in Fig. 2Awhich represents the calculated reﬂectivity
from a ﬂat buffer (calculated ED 0.336 electrons/Å3) interface. The best
ﬁt to the data shows two distinct regions of ED andnot just one asmight
be expected for an unfolded amphipathic α-helix bundle protein (see
Fig. 2B). The main contribution to the interface electron density is
formed by the individual amphipathicα-helices of the helix-bundle un-
folded at the interface. The thickness of this region, ~11Å, corresponds
well with the anticipated width of a protein α-helix (see e.g. [35]).
Below this layer formed by the amphipathic helices of apoLp-III, lies
a diffuse region of ED. This region could originate from either the
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Fig. 2. XRR data for a self-assembledmonolayer of native apoLp-III. (A) Reﬂectivity from native apoLp-III at 18mN/m on a 10mM Tris, 150mMNaCl, 0.2mM EDTA, pH7.2 subphase. Solid
black line is the bestﬁt to thedata and the blue line is calculated for a bare buffer/vapor surface including surface roughness due to capillarywaves. (B) The calculated electron density from
the best ﬁt to the data shown in A. The step wise electron density shows the distinct “boxes” without roughness between them.
485S.S. Rathnayake et al. / Biochimica et Biophysica Acta 1838 (2014) 482–492glycosylation of native apoLp-III (the ED in this region correlates with
that of dilute carbohydrate solutions) or the ﬂexible loops that connect
the amphipathic α-helices of the helix bundle. In order to distinguish
between these two scenarios we repeated the x-ray reﬂectivity experi-
ment with a recombinant form of the protein that lacked the carbohy-
drate groups. The x-ray reﬂectivity of recombinant apoLp-III was
identical to that of the native protein (see supplementary Fig. S1A).
These data thus suggest the α-helix bundle of apoLp-III unfolds at hy-
drophobic interfaces with the ﬂexible loops that connect the 5 amphi-
pathic α-helices exposed in the solution, away from the interface.
Additionally grazing incidence x-ray diffraction of native and recombi-
nant apoLp-III at sufﬁciently high surface pressure (b15mN/m) exhibits
a very weak and broad peak that corresponds to a d-spacing of ~10 Å
indicating short range organizational order between the individual
amphipathic α-helices (see supplementary Fig. S1A). This peak is
more pronounced for the recombinant protein, suggesting the native
protein carbohydrate chains hinder the interaction between neighbor-
ing amphipathic α-helices.
2.2. Insertion of apoLp-III into a diacylglycerol monolayer
Most insect lipophorin transports not triacylglycerols but diacylglyc-
erols, and apoLp-III interacts stronglywith diacylglycerol exposed at the
phospholipid–protein monolayer covering the lipophorin particle.
Soulages and coworkers showed that concentrations as low as 2mol %
trigger apoLp-III–lipid binding [21]. What is not clear is whether or
not this lipid binding is chemically speciﬁc or simply a function of the
differential packing (i.e. physical) properties of diacylglycerol. More
generally the question can be stated as follows: “What is the driving
force behind lipid binding of amphipathic α-helix bundle proteins
such as apoLp-III?” The generally accepted model is that hydrophobic
defects on the surface of the lipoprotein particle trigger protein binding
[8,21]. However this does not satisfactorily answer the question as it
does not address the speciﬁc type of hydrophobic defect. Three distinct
modes of hydrophobic interaction can be considered that might drive
the interaction, namely,
i. Hydrophobic interactions arising from packing defects between the
lipids making up the monolayer covering the droplet, which thus
depend on packing density.
ii. Hydrophobic “defects” arising from amismatch in effective molecu-
lar area between lipid headgroup and acyl-chain area, i.e. the spon-
taneous curvature of the lipid making up the lipid monolayer.
Increases in negative curvature stress in the monolayer, leaving
more room in the headgroup region, would facilitate apolar protein
contacts,whereas additional positive curvature stresswould impede
monolayer insertion. Note that these defects, unlike the ones in (i),are delocalized over the entiremonolayer. The deﬁnition of negative
and positive lipid (monolayer) curvature was deﬁned by Helfrich in
his seminal work from 1973 and is now common convention [36].
iii. Hydrophobic “defects” arising from line boundaries between dif-
ferent lipid and lipid/protein domains on the surface of the particle
[37].
The ﬁrst two of these hydrophobic interactions are addressed by our
Langmuir monolayer insertion studies that utilize lipids that fall within
the range of lipids found in insect lipophorin. Our choice of (phospho-)
lipids also systematically addresses these apolar interactions. The third
hydrophobic interaction, domain boundaries, will be touched upon in
the discussion. The ﬁrst (i) hydrophobic defect is addressed by measur-
ing the insertion, a requirement for stable incorporation into the surface
monolayer, as a function of lipid molecular area (as expressed by the
surface pressure). The second (ii) is addressed by choosing lipids that
differ in their spontaneous curvature.
Diacylglycerol, due to its high negative spontaneous curvature (i.e., it
is cone-shaped, see Fig. 9)), creates so-called hydrophobic defects in a
phospholipid monolayer as shown recently by Vamparys et al. [38]
and further investigated by Vanni et al. [39] in an accompanying
paper. Vamparys compared the packing defects created by diacylglycer-
ol to those created by high positive curvature of a lipid bilayer leaﬂet
and concluded that both types act in the sameway to recruit hydropho-
bic domains/residues to the membrane.2.2.1. Characterization of diacylglycerols used
We thus characterized the lipid packing properties of three dia-
cylglycerols, namely dipalmitoyl-glycerol (1,2-DPG), dioleoylglycerol
(1,2-DOG) and 1-palmitoyl-2-oleoyl-sn-glycerol(1,2-POG) as Langmuir
monolayers at the air–buffer interface. Representative isotherms at
20 °C are shown in Fig. S2. Next we investigated the packing properties
via x-ray reﬂectivity and diffraction techniques sensitive to a monomo-
lecular layer at the air–buffer interface. Both 1,2-DOG and 1,2-POG
formed well-deﬁned layers as shown by the reﬂectivity data in Fig. 3A
and C respectively. The electron density calculated from these reﬂectiv-
ity proﬁles is shown in Fig. 3B and D, respectively, parameters shown in
Table 1A and 1B. Both 1,2-DOG and 1,2-POG show differential packing
behavior as a function of monolayer pressure (i.e. molecular area). At
lowpressure (10mN/mandbelow) the1,2-DOG and 1,2-POGmonolay-
er electron density changes more gradually between the acyl chain and
headgroup region because of the larger area per lipid. The structure
changes to a higher and more tightly packed headgroup region at
25 mN/m and above. It should be noted that the ED of both of these
diacylglycerols are highly similar, in agreement with their correspond-
ing isotherm (Fig. S2). In 1,2-POG an additional transition is present at
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Fig. 3.XRR data for two diacylglycerols as a function of surface pressure. (A) X-ray reﬂectivity data for dioleoylglycerol (1,2-DOG) as a function of surface pressure(shifted by a decade each
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x-ray diffraction.
X-ray diffraction for 1,2-DOG did not result in any discernible
diffraction from the acyl chains. This was not unexpected given the
unsaturation of the oleoyl acyl chains that are known to be disordered.
By contrast, we did observe a weak diffraction signal from the 1,2-POG
monolayer at high (N25 mN/m) surface pressure despite the presence
of one unsaturated (double bond at: Δ9cis) chain in this lipid (shown
in Fig. S3). This diffraction corresponds to an additional packing transi-
tion observed in the reﬂectivity data (see Fig. 3D), which is markedly
less than that observed in, for example, long chain saturated fatty
acids or saturated phospholipids as indicated by the diffraction from a
cer-1-p monolayer plotted in gray for comparison (in Fig. S3) [40]. The
low intensity of the diffraction suggests the correlation length is ﬁnite
(i.e. only short range order). The palmitoyl chainmust assist in ordering
the oleoyl chain at high pressure.We did not further investigate the 1,2-
DPG monolayer due to the ﬁnding that DPG forms a solid monolayer at
the air–buffer interface (see isotherm in Fig. S2). Additionally, the inser-
tion experiments with DPG did not yield consistent results (data not
shown). Since 1,2-DPG forms a solid monolayer at any appreciable
surface pressure (see Fig. S2) it was experimentally difﬁcult to form
monolayers of deﬁned initial surface pressure by sequentially applyingTable 1A
Fitting parameters for x-ray reﬂectivity data for 1,2-DOG shown in Fig. 3.
DOG data 5 (mN/m) 10 (mN/m) 25 (mN/m) 30 (mN/m)
σ0 (Å) 3.14±0.23 3.12− 0.17+0.20 3.48− 0.18+0.15 3.57− 0.20+0.18
dhead (Å) 3.5± 1.5 4.0− 1.0+2.0 2.6− 0.6+2.4 2.7− 0.7+2.3
ρhead (e/Å3) 0.40− 0.03+0.07 0.40− 0.02+0.09 0.46− 0.07+0.05 0.46− 0.07+0.06
dchain (Å) 10.3− 1.0+1.4 11.1− 0.6+1.5 14.3− 1.6+0.7 14.6− 1.6+0.9
ρchain (e/Å3) 0.292− 0.012+0.015 0.288− 0.011+0.022 0.299− 0.009+0.007 0.299− 0.010+0.007small volumes of lipid stock solution to reach the desired initial lipid
pressure, the method used by us and others (see, e.g. [20]) to make
lipid monolayers for the insertion experiments.
The effect of apoLp-III insertion into monolayers of 1,2-DOG and
1,2-POG is shown in Fig. 4. The insertion of apoLp-III at low lipid mono-
layer pressure (large molecular area as seen from the isotherms in
Fig. S2) leads to a large increase in the initial lipid monolayer pressure.
This increase (at low lipid surface pressure) is larger for 1,2-POG than
for 1,2-DOG as shown by the maximum insertion pressure, Δπmax,
which is the increase in surface pressure upon protein insertion extrap-
olated to zero initial lipid monolayer pressure. The Δπmax for 1,2-POG is
3 mN/m (95% conﬁdence intervals do not overlap) higher than for 1,2-
DOG. The increase is not due to a displacement of 1,2-DOGor 1,2-POG as
the observed pressure is signiﬁcantly higher than that of the self-
assembled apoLp-III monolayer (Fig. 1, ~14mN/m). Instead the increase
in surface pressure is due to interaction of apoLp-III with 1,2-DOG and
1,2-POG. At increasingly higher lipid monolayer pressures the increase
in surface pressure due to protein insertion decreases. Extrapolating
this increase in lipid monolayer pressure upon protein insertion to
zero leads to a lipid monolayer pressure called the maximum insertion
pressure (MIP) [27], the lipid monolayer surface pressure above whichTable 1B
Fitting parameters for x-ray reﬂectivity data for 1,2-POG shown in Fig. 3.
5 (mN/m) 10 (mN/m) 25 (mN/m) 30 (mN/m)
σ0 (Å) 3.11− 0.22+0.15 3.15− 0.21+0.19 3.37±0.16 3.38− 0.17+0.16
dhead (Å) 2.3− 0.3+2.7 2.9− 0.9+2.1 3.5± 1.5 3.1− 1.1+1.9
ρhead (e/Å3) 0.47− 0.08+0.04 0.45− 0.06+0.07 0.44− 0.04+0.10 0.46− 0.05+0.09
dchain (Å) 11.7− 1.5+0.6 12.4− 1.3+0.9 14.5± 1.1 14.7− 1.3+1.0
ρchain (e/Å3) 0.293− 0.014+0.009 0.297− 0.013+0.008 0.301− 0.008+0.006 0.302− 0.008+0.006
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Fig. 4. Change in surface pressure versus initial lipid monolayer pressure after interaction
with apoLp-III for1,2-DOG and 1,2-POG. Subphase buffer: 10 mM Tris, 150 mM NaCl,
0.2mM EDTA at pH7.2.
Table 2
The maximal increase in the surface pressure (Δπmax) and the maximum insertion
pressure (MIP) after insertion of apoLp-III for the different lipids is shown. The 95% conﬁ-
dence interval (±value) is also shown and was calculated as described in Materials and
methods.
Δπmax (mN/m) MIP (mN/m) Δπmax (mN/m) MIP (mN/m)
DOG 21.8± 1.2 35.0± 1.0 POG 24.9± 1.2 34.4± 0.7
DOPE 17.3± 1.6 28.6± 1.4 POPE 18.7± 1.4 30.1± 1.5
DOPC 17.3± 2.0 26.3± 1.0 POPC 18.1± 1.2 26.9± 1.0
DOPG 19.9± 1.8 26.4± 1.2 POPG 20.6± 1.2 29.2± 1.8
487S.S. Rathnayake et al. / Biochimica et Biophysica Acta 1838 (2014) 482–492apoLp-III is no longer able to insert itself into the lipid layer. Further
insertion of apoLp-III no longer results in a decrease of the surface free
energy beyond this lipid monolayer pressure. For DOG we ﬁnd a MIP,
35.0 ± 1.0 mN/m, identical to that found previously by Demel et al.
[20]. The MIP for POG (MIP= 34.4 ± 0.7) is the same as that of DOG
(see Table 2).
2.3. Insertion of native apoLp-III into phospholipid monolayers; effect of
headgroup and acyl-chain species
Next, we systematically varied the headgroup and acyl-chain com-
position of the lipid monolayer to modulate both the spontaneous cur-
vature and chemical nature of the lipids (see Table 3). We determined
the Δπmax and MIP of native apoLp-III for each of these lipids (see
Table 2).
In order to study the effect of chemical species (chemical speciﬁcity
and charge) and hydrophobic defects of type i and ii (localized packing
defects vs. effective lipidmolecular shape),we varied the lipid headgroup,
charge, and acyl-chain composition. The lipid headgroups were (1)Table 3
List of glycero-(phospho)-lipids used in this study.
Lipid Abbreviation
1-2-Dioleoyl-sn-glycerol DOG
1-Palmitoyl-2-oleoyl-sn-glycerol POG
1,2-Dioleoyl-sn-glycero-3-phosphocholine DOPC
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine POPC
1,2-Dioleoyl-sn-glycero-3-phosphoethanolomine DOPE
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine POPE
1,2-Dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)⁎ DOPG
1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) POPG
⁎ Phosphatidylglycerol is used here as model anionic lipid and because it is an important ba
‡ Information on the spontaneous curvature can be found in the reviewby Zimmerberg andK
in [64] (see for example pp. 539 and 767).phosphocholine, (2) phosphoethanolamine and (3) phosphoglycerol.
The acyl-chains chosen were 1,2-dioleoyl, and 1-palmiltoyl, 2-oleoyl.
These lipids are summarized in Table 3 together with their relevant
physical and chemical properties.
For diacylglycerol (1,2-DOG and 1,2-POG) we observed a MIP
around 35 mN/m. Since diacylglycerol is a neutral lipid with strong
negative spontaneous curvature [41,42], and to further investigate the
effect of spontaneous curvature on apoLp-III insertion we used DOPE,
a lipid with strong negative curvature, if not as strong as that of
1,2-DOG and 1,2-POG (CDOPE ≅ −1/30 Å−1 [41,43], whereas CDOG ≅
−1/10.1 Å−1 [41,42]). If spontaneous curvature were a strong de-
terminant for insertion of apoLp-III then one would expect DOPE to
show more insertion than DOPC, a lipid with very small (−1/143 to
−1/200 Å−1, i.e. essentially zero) spontaneous curvature [42]. Data
shown in Fig. 5 and summarized in Table 2 suggests that while DOPE
allows slightly more insertion of apoLp-III into the lipid monolayer,
the increase in MIP of DOPE over that for DOPC is very minor (95% con-
ﬁdence intervals overlap). This increase is much less than that for 1,2-
DOG and 1,2-POG.
Next, we investigated the effect of negative charge on the interaction
of apoLp-III with a lipid monolayer.We chose DOPG because its sponta-
neous curvature has been characterized (identical to that of DOPC;
CDOPG=−1/150Å−1 [44]). The use of PG is not only interesting because
of its negatively charged headgroup but also due to the fact that PG is an
important bacterial lipid. Investigating the interaction of apoLp-III with
PG has implications for the immune response in insects. For example,
apoLp-III fromGalleriamellonella has been implicated in the immune re-
sponse [45–47]. The immune protective function of apoLp-III is not
unique as it has also been found for apoA-I, apoE, and apoB [48–51]. In-
terestingly we observe that the Δπmax pressure for DOPG is larger (by
2.5mN/m) than for DOPC andDOPE suggesting that the negative charge
aids in the recruitment of apoLp-III to the lipidmonolayer. This is consis-
tentwith theﬁnding that apoLp-III of L.migratoria contains several basic
amino acid residues on the hydrophilic face of the amphipathic α-helix
bundle, similar to what is found on apoA-I [48]. On the other hand, the
MIP of apoLp-III for a DOPGmonolayer is identical to that for DOPC, con-
sistent with their spontaneous curvature.
Next we changed the acyl-chain composition to investigate the ef-
fect of chain saturation while maintaining an essentially ﬂuid lipid
monolayer (i.e. at 20°C these lipids form a liquid disorderedmonolayer
at low pressures and a liquid ordered monolayer at high pressure). The
MIP curves for the 1-palmitoyl, 2-oleoyl containing phospholipids are
shown in Fig. 5B. Compared with the data for the dioleoyl lipids we
ﬁnd that the MIP for POPE, POPG and POPC are very similar and signiﬁ-
cantly different from that of 1,2-POG. Interestingly we ﬁnd that theMIP
follows a slightly different trend namely that the MIP for POPC is the
smallest followed by those of POPE and POPG (which are essentially
identical) with the highest value observed for 1,2-POG. This is opposite
from the trends in the dioleoyl data where we found that the MIP for
DOPC and DOPG were identical. This observation is further discussed
below.Charge Chains “Curvature”‡
Neutral Unsaturated Induces HII phase
Neutral Mixed Induces HII phase
Zwitterionic Unsaturated Bilayer
Zwitterionic Mixed Bilayer
Zwitterionic Unsaturated HII phase
Zwitterionic Mixed HII phase
Anionic Unsaturated Bilayer
Anionic Mixed Bilayer
cterial phospholipid relevant to the immune protective function of apoLp-III [45–47].
ozlov [63]. Additionally, an excellent resource for phase behavior information can be found
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Fig. 5. Change in surface pressure versus initial lipid monolayer pressure after interaction with apoLp-III. (A) Insertion of apoLp-III into monolayers of 1,2-DOG, DOPC, DOPE, and DOPG.
(B) Insertion of apoLp-III into monolayers of 1,2-POG, POPC, POPE, and POPG. Subphase buffer: 10mM Tris, 150mM NaCl, 0.2mM EDTA at pH 7.2.
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The insertion of native apoLp-III intomonolayers containing saturat-
ed acyl-chains is more favorable than those containing two unsaturated
chains. This is particularly striking for the 1,2-POG and 1,2-DOG mono-
layers as shown in Fig. 4, but also clear from thedata for DOPG and POPG
shown together in Fig. 6A. In fact, if we compare the best linear ﬁt to our
insertion data for all lipid headgroup species independently, the data for
themore saturated lipid monolayer lie above that of the di-unsaturated
lipid monolayer (See Fig. 6B and C). The data thus suggests that apoLp-
III prefers amore ordered lipidmonolayer for insertion. This observation
was further tested by increasing the temperature of the POPGmonolay-
er from 21± 2 °C to 26 ± 1 °C. Fig. 7 indeed shows that an increased
temperature, and hence a decreased order in the POPG monolayer,
leads to a decreased insertion of apoLp-III into the lipid monolayer.
2.5. Mixed native apoLp-III-diacylglycerol monolayers: refolding
of apoLp-III?
Insertion of native apoLp-III into diacylglycerol monolayers was
followed via x-ray reﬂectivity to determine the electron density across
the lipid–protein–buffer interface. In these experiments we either
injected apoLp-III underneath a preformed diacylglycerol monolayer
at high surface pressure (N20 mN/m) or preformed a self-assembled
protein monolayer and spread lipid from organic solution on top [52].
These layers were then either expanded or compressed or compressed
and expanded. Several compression–decompression (or expansion–
compression) cycles were followed by x-ray reﬂectivity while keeping
x-ray damage to a minimum via a translational stage to minimize
x-ray ﬂux for any particular area.
Fig. 8 shows the reﬂectivity curves and corresponding ED from the
best ﬁt to the data for apoLp-III insertion into a 1,2-POG monolayer at
~29 mN/m (insertion at 20 mN/m yielded comparable results, data not
shown). After insertion this layer was expanded to a molecular area cor-
responding to ~100 A2 per 1,2-POGmolecule. At this point the reﬂectivity
clearly changed to correspond more to a protein only layer (compare
reﬂectivity and ED to those of Fig. 2). This layer was subsequently com-
pressed to the original area prior to expansion. The ED now corresponds
with a POG monolayer with higher headgroup intensity due to further
incorporation of apoLp-III into the lipid monolayer. These results are
characteristic of similar experiments with 1,2-DOG and 1,2-DPG.
After insertion of apoLp-III in a diacylglycerol monolayer (1,2-DOG,
1,2-POG, or 1,2-DPG) at high (N20 mN/m) lipid monolayer pressure,
the electron density of the lipid layer does not change signiﬁcantly de-
spite a signiﬁcant increase in surface pressure (see Fig. 4). Expansion
of the monolayer to larger areas per lipid leads to a shift of the electron
density to that of the protein monolayer, and subsequent compressionclearly shows a higher electron density for the headgroup region of
the lipid monolayer (see Fig. 8). Previous observations showed that de-
position of lipid on top of a preformed self-assembled proteinmonolay-
er leads to a similar increase in the surface pressure compared to
insertion of protein underneath a lipid monolayer (at identical lipid
densities) [52]. Our x-ray reﬂectivity data points out that this does not
lead to a similar electron density proﬁle. Deposition of DAG on top
of a preformed apoLp-III monolayer results in a higher degree of
protein incorporation directly after deposition (data not shown). How-
ever, a similar trend in electron density is observed upon compression–
decompression cycles following this approach.
The results indicate that though more apoLp-III is incorporated in
the lipid monolayer after expansion and compression, or right after de-
position of lipid on top of a protein monolayer, the density of apoLp-III
at the interface of a tightly packed lipid layer is insufﬁcient to observe
the protein. The protein α-helix is thus entirely embedded in the
headgroup region (consistent with previous observations/suggestions,
see e.g. [53]). Excess apoLp-III that moved from the subphase to the
lipid–protein monolayer at high lipid molecular area is most likely
expelled again after compression; however, folded apoLp-III is never
observed underneath the lipid layer (within the time frame of the re-
ﬂectivity experiment). This suggests that once apoLp-III is folded it dif-
fuses away into the subphase. Several compression–decompression
(or expansion–compression) cycles lead to signiﬁcant hysteresis sug-
gesting a loss of diacylglycerol from the interface, similar to that ob-
served for the C-terminus of apo-A1 [54].
3. Conclusions
Interaction of native apoLp-III with lipid monolayers is more favor-
able for saturated acyl-chain containing lipids. This observation is con-
sistent with a recent paper by Storey et al. that showed the lipid
monolayer of perilipin enriched lipid droplets is more saturated than
the biomembranes in the cell [55]. Both apoLp-III and TIP47/perilipin
3 have an amphipathic α-helix bundle, and our results for apoLp-III
suggest that this forms a lipid sensor for more ordered lipid domains.
Unfortunately there is limited data on the acyl-chain composition of
the phospholipid monolayer covering low density lipophorin (LDLp)
while more extensive data is available on the fatty acid composition of
the core of these particles. The core of LDLp isolated from L. migratoria
is enriched in C16:0 and C18:1 lipids, whereas that of the phospholipid
monolayer is enriched in C18:0 and C18:2 and C18:3 fatty acids [18,19].
We did perform limited insertion experiments with 1,2-DPG and
found insertion is not very reproducible and occurs even at high initial
lipid monolayer pressures. A similar observation was made for POPE
monolayers (data not shown). At high surface pressures POPE un-
dergoes a phase transition to a more ordered phase. In this regime
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range of 1–2 mN/m apparently independent of monolayer pressure.
This observation is again consistent with the observation that apoLp-
III interacts more favorably with saturated/ordered acyl chains.
An alternative explanation may be that apoLp-III interacts with line
boundaries in the POPE and 1,2-DPG monolayer. Solid monolayers (as
in 1,2-DPG) are only quasi 2-D crystals, as there is no real long-range
order in individual molecule packing. Instead, these layers are built
of many crystalline domains separated by domain boundaries. The
structure of POPE monolayers at high pressure has been investigatedvia BAM microscopy and AFM spectroscopy [56–58]. In BAM, at low
POPE surface pressures, tiny, brightly scattering specks are observed in-
dicating some type of three dimensional structures ([56], and our own
observations). The exact nature of these spots has not been studied to
date. At the phase transition, clear domains become visible in both
BAM and AFM with some of the bright spots still present. Domain for-
mation at the phase transition appears to be reproducible. It is possible
that apoLp-III–POPE interaction at high pressures is driven by this do-
main formation if apoLp-III has a high afﬁnity for either one of the
Fig. 9.Model of apoLp-III–lipid interaction. Schematic illustration of the ﬁrst amphipathic
α-helix of apoLp-III (residues 8–37, using pdb ﬁle 1LS4 [62]) interacting with (A) a diacyl-
glycerol, (B) a phosphatidylethanolamine, and (C) a phosphatidylcholine monolayer. The
α-helix is oriented such that the hydrophobic side is interacting with the lipid monolayer.
The hydrophobic side residues are speciﬁcally depicted in themodel. Lipid and protein are
approximately to scale.
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interaction it is possible that apoLp-III interactswith theboundaries sur-
rounding each semi-crystalline domain. The ﬁnding by Wan et al. that
apoLp-III is able to transform vesicles made of DMPC, or of shorter satu-
rated lipids, into lipid nanodiscs [59], may be related to our observa-
tions. In the gel phase the DMPC vesicles consist of many connected
gel phase domains and apoLp-IIImight be able to interactwith these do-
main boundaries. However, apoLp-III is able to transform the lipid bilay-
er into lipid (membrane) nanodiscs only very near the phase transition.
At the phase transition the compressibility of the bilayer is increased
and hence deformability is likely enhanced. In light of the results from
the disc assay it is timely to investigate the interaction of apoLp-III
with domain boundaries in lipid monolayers. One possible method by
which to explore this further is light scattering microscopy [60,61].
It is intriguing that the monolayers of perilipin-enriched lipid drop-
lets contain more saturated phospholipid [55].Our results now show
that a model amphipathic α-helix bundle protein interacts more favor-
ably with more ordered lipid monolayers. This favorable interaction
with more ordered lipid monolayers differentiates the lipid droplets
monolayer frommost other intracellular, and inﬁnitely more abundant,
lipid membranes. It is thus one mechanism by which TIP47/perilipin 3
may be sorted to growing lipid droplets surfaces.
This hypothesis is consistentwith theﬁnding that, e.g. caveolins, also
reside on lipid droplets as their native membrane environment is more
highly ordered than the rest of the plasmamembrane. The high concen-
tration of cholesterol in caveolae serves to order the lipid bilayer in
these structures. Sowhy then does, e.g. perilipin 3, not bind to caveolae?
One reason might be that caveolae are formed by the simultaneous re-
cruitment of caveolin and cholesterol and hence there is no additional
space for perilipin 3; however, this suggestion clearly requires experi-
mental veriﬁcation.
The compression–decompression (or vice versa) experiments with
diacylglycerol–apoLp-III monolayers show that apoLp-III is able to
assemble from solution and unfold its helix bundle at the interface. Sub-
sequent compression does not result in a folded helix-bundle attached
to the lipid monolayer as far as our x-ray reﬂectivity experiments are
able to observe. The results instead suggest that apoLp-III is able to
quickly dissociate from the lipid monolayer as soon as the bundle has
folded, consistent with its function in vivo.
3.1. Model of apoLp-III–preferential DAG interaction
Our results clearly show that insertion of apoLp-III into a monolayer
of diacylglycerol is more favorable than into a monolayer of the six
phospholipids that we tested here. One measure of this interaction is
given by the Δπmax and MIP data shown in Table 2. The maximum
increase in the surface pressure gives an indication of the afﬁnity of
the protein to the lipid monolayer, whereas the MIP is an indication of
the degree of insertion. For example, the higher Δπmax for PG indicates
some afﬁnity of the protein for negative charge consistent with the
basic amino acid residues; however, the degree of insertion is not
increased as indicated by the MIP values.
We suggest that preferential interaction (as measured via the MIP)
of apoLp-III with diacylglycerol is mediated by differences in headgroup
size (steric interaction, length of the headgroup) of the lipid, and to a
much smaller degree the spontaneous curvature (effective lipid molec-
ular shape) of the lipids in the lipid monolayer. The cartoon in Fig. 9
shows this interaction model to scale.
Our data support this model in the following manner:
i) Insertion into a lipid monolayer is more favorable for DAG than
PE and PC which both have a considerably larger headgroup.
The depth at which the amphipathic α-helix has to insert in
order to reach the hydrophobic interior of the lipid monolayer
is considerably larger for PE and especially for PC than for DAG
(see Fig. 9).ii) Insertion into a monolayer containing saturated acyl-chain
containing lipids was shown to be more favorable compared to
unsaturated chains (with less order). This is especially evident
when we compare 1,2-DOG and 1,2-POG at large molecular
areas. At low initial lipid surface pressure the 1,2-DOG and 1,2-
POG monolayer isotherms overlap (see Fig. S2). Insertion into a
monolayer of these lipids in these conditions is considerably
more favorable for 1,2-POG than for 1,2-DOG. 1,2-POG has a sat-
urated acyl-chain at the sn-1 position and 1,2-DOG does not.
Note that 1,2-POG is more ordered than 1,2-DOG,as also shown
by the diffraction data (Fig. S3).
iii) The effect of a more ordered lipid monolayer was reiterated by
the experiment where the POPG monolayer was heated. In this
case we found a signiﬁcantly reduced, over all molecular areas,
insertion of apoLp-III into the POPG monolayer. Increased tem-
perature means increased disorder for the acyl-chains of POPG.
This thus follows the model where increased disorder in the
491S.S. Rathnayake et al. / Biochimica et Biophysica Acta 1838 (2014) 482–492hydrophobic interior of the lipid monolayer signiﬁcantly
perturbs the interaction.
Interaction of hydrophobic side residues of apoLp-III with the hydro-
phobic interior of the lipid monolayer is thus crucial for apoLp-III–lipid
interaction.
3.2. Future directions
These monolayer experiments on the model amphipathic α-helix
bundle protein apoLp-III set the stage to investigate in exquisite detail
the interaction of intracellular lipid droplets proteins containing this
domain. Additionally, the interaction of human apolipoproteins such
as apoE has not yet been examined in as much detail as we do here,
i.e. different headgroups and acyl chain species that systematically
vary lipid biophysical properties [27]. In addition to pure lipid mono-
layers, as in the present study, we will expand our work to include
lipid mixtures with speciﬁc focus on the potential role of cholesterol.
The interaction between LPS and apoLp-III of G. mellonella should be in-
vestigated as this will shed light on the immune protective function of
apoLp-III.
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